Four different cactus species growing in the United States, Stenocereus thurberi growing in Organ Pipe Cactus National Monument, Arizona, Opuntia littoralis and Opuntia ficus-indica, growing on Santa Catalina Island, California, and Opuntia stricta, growing in northern Alabama, were examined for the presence of silica bodies (opaline phytoliths). Silica bodies were found in all four of these cactus species, parallelepiped-shaped crystals in S. thurberi, and starburst-shaped crystalline structures in the three Opuntia species. In addition, the essential oils of the four cactus species were obtained by hydrodistillation and analyzed by gas chromatography -mass spectrometry. To our surprise, S. thurberi, O. littoralis, and O. ficus-indica (but not O. stricta) essential oils contained cyclic oligosiloxanes. To our knowledge, cyclic oligosiloxanes have not been previously found as essential oil components.
Silicon is found in soils throughout the world in the form of silicic acid [Si(OH) 4 or Si(OH) 3 O -] at a dry weight concentration of less than 1% to more than 45% [1a] . Silicic acid is absorbed by plants via the roots and is transported via silicon transporters, biomineralized into silica bodies, and stored in the cell walls of the plant [1b] . Silica bodies found in plants are often referred to as biogenic silicon. Silicon is found to be beneficial for several important crops including rice [2a] , wheat [2b], oat [2c], cucumber [2d], and tomato [2e] . Plants grown in medium lacking silicon may suffer structural, growth, and reproduction abnormalities [3a] . Horsetails (Equisetum) encrust their cell walls with silica making them rigid [3b] . Silica nanoparticles have been found to aid in leaf coloration in the Malaysian herb Mapania caudata [3c] . Silicon has been shown to alleviate manganese, aluminum and heavy metal toxicities in plants [3d] . The addition of silicon to barley (Hordeum vulgare) [3e] and soybean (Glycine max) [3f] cultivars under saltstressed conditions increased both the net photosynthetic rate and the uptake of potassium and decreased the uptake of sodium, thus mitigating the salt toxicity. Drought-stressed plants have been shown to increase their water content and plant dry weight upon the addition of silicon to the soil [4a] . Heat stress in rice (Oryza sativa) has been shown to be alleviated by adding silicon to the growth media [4b] . Silicon deposition with the plant leaf has been shown to prevent penetration by fungal pathogens [4c] . These beneficial effects have led to the incorporation of silicon into fertilizers applied to rice [4d] and sugar cane [4e] . How silicon exerts these beneficial effects remains largely unknown, however.
Silicic acid is absorbed by the plant and transported through the root via silicon transporters. Lsi1 was the first silicon transporter to be identified [5a] Silica bodies, which are composed of silicon dioxide (SiO 2 ) [3b], have been identified in the skin of Mexican columnar cacti [6a] including Stenocereus thurberi Engelm., the "organ pipe cactus". To date, silica bodies have not been identified in any cactus species other than Mexican columnar cacti. The silica bodies identified in S. thurberi, growing in Mexico, were shaped like starbursts with diameters of 3 to 12 µm in the epidermis and 9 to 24 µm in the hypodermis of the plant [6a] . Of the 64 cacti species previously investigated, only 17 have been found to contain silica bodies [6a] . Of the cactus species studied, Stenocereus gummosus, a Mexican columnar cactus, was found to have the largest silica bodies, which ranged in diameter from 12 to 35 µm [6a] . It has been proposed that silica bodies may protect cactus from foraging by insect larvae [6a] . Whether silica bodies protect cacti from pests or provide protection from abiotic stress has yet to be determined. Microscopic Examination of Silica Bodies: Specimens of cactus were examined to ascertain silica shape and size for each species of cactus investigated (Table 1) . Silica bodies identified in S. thurberi were parallelepiped-shaped. The silica bodies were located within the biomass of the cactus (Figure 1 ). No silica bodies were identified within the epidermis or hypodermis of S. thurberi. The silica bodies in each of the Opuntia species were starburst-shaped crystals rather than parallelepipeds (Figures 2-4 ). The silica bodies were widely distributed throughout the biomass of each cactus specimen. No crystals were identified in either the epidermis or the hypodermis of the cactus or the photosynthetic layer directly beneath the epidermis. Upon dissection, the crystals of all four species herein shined brilliantly. The crystals were insoluble and non-reactive with water and organic solvents at room temperature. Silica bodies have been previously reported in the epidermis and hypodermis of S. thurberi [6a] . The silica crystals previously identified in S. thurberi were starbust-shaped with a diameter of 24 µm or less. The S. thurberi silica bodies identified in this study were parallelepipeds and were located in the biomass and not within the epidermis or hypodermis as previously reported. Additionally, the dimensions of the silica bodies identified in this study were much larger than those previously identified. The largest silica body previously identified in S. thurberi was 24 µm in diameter [6a] , whereas in this study, silica bodies were found to be in excess of 100 µm. Table 2 : Summary of the Raman wavenumbers (cm -1 ) used for the analysis of spectra shown in Figure 5 and their assignments based on the literature. any known cell structure shape. The three Opuntia species contained silica bodies with starburst projections that appeared to be new crystal growth (see Figure 3 ). It has been purposed that silica body accumulation with the cell walls [7e] and epidermis [7f] of plants provides mechanical strength. Here, no silica bodies were identified within a cell wall, so the role of silica bodies in these cactus specimens is not clear.
Raman Analysis: Specimens of each cactus species were thinly sliced and subjected to Raman spectroscopy ( Figure 5 ). Spectral mapping of the external surface and the internal structure the silica bodies of each cactus species revealed that each crystal contained a consistent morphology throughout. None of the spectra had any absorbance frequencies greater than 2100 cm -1 , suggesting that there were no organic functional groups in the crystal structures of any of the silica bodies produced by any of the cacti species. Additionally, none of the spectra showed bands in the region 3200 to 3700 cm -1 , consistent with the absence of Si-OH moieties within any of the crystals studied. . None of the spectra for the Opuntia species has a peak in the range of 910 to 945 cm -1 , consistent with Si-H but not SiH 2 or SiH 3 . In contrast, S. thurberi has a prominent peak at 921.23 cm -1 . SiH 2 has one band in the 910-945 cm -1 region due to deformation and SiH 3 has two bands due in this same region due to asymmetric and symmetric deformation of the three hydrogens [8e]. S. thurberi has a single peak in the 910-945-cm -1 region, which reflects the presence of SiH 2 within the silica bodies in this cactus. The presence of SiH in each of the three Opuntia species and SiH 2 in S. thurberi is one of the primary differences in chemical composition of the silica bodies between S. thurberi and the Opuntia species.
S. thurberi has a peak at 540.3 cm -1 , which is consistent with silicate [7d]. Additionally, S. thurberi has a shoulder at 338.3 cm -1 , which is characteristic of silicates that cause a O-Si-O deformation [8c]; pure crystalline silica does not have a peak in this region [9a] . These two peaks suggest that S. thurberi silica bodies are composed of silicate.
Gas
Chromatographic -Mass Spectral Analysis: Hydrodistillation followed by gas chromatography -mass spectrometry revealed the presence of volatile cyclic oligosiloxanes in the cacti that contained silica bodies for S. thuberi, O. littoralis, and O. ficus-indica. Although Opuntia stricta was replete with silica bodies, GC-MS did not reveal the presence of cyclic oligosiloxanes in this species; only 1-hexacosanol (1.2%), 1nonacosene (81.7%), and 1-hentriacontene (15.3%) were identified in O. stricta. The percentage of oligosiloxanes in the volatile oils varied greatly among the cactus specimens tested. In general, the larger cactus specimens had larger silica bodies and higher concentrations of oligosiloxanes. The volatile oil of S. thurberi was composed of 78.0% cyclic oligosiloxanes (Table 3) , O. littoralis oil contained 76.1% cyclic oligosiloxanes (Table 4) , and O. ficusindica oil was composed of 16.4 % cyclic oligosiloxanes ( Table 5) . None of the pads of O. stricta that were analyzed contained detectable quantities of oligosiloxanes.
Five cyclic oligosiloxane compounds were identified in S. thurberi: Hexadecamethylcyclooctasiloxane, octadecamethylcyclononasiloxane, eicosamethylcyclodecasiloxane, 2,4,6-triphenylcyclotrisiloxane, and tetracosamethylcyclododecasiloxane. Five different cyclic oligosiloxanes were identified in O. littoralis: hexadecamethylcyclooctasiloxane, octadecamethylcyclononasiloxane, eicosamethylcyclodecasiloxane, 2,4,6-trimethyl-2,4,6triphenylcyclotrisiloxane, and tetracosamethylcyclododecasiloxane.
And, three cyclic oligosiloxane compounds were identified in O. ficus-indica: hexadecamethylcyclooctasiloxane, octadecamethylcyclononasiloxane, and eicosamethylcyclodecasiloxane. None of these cyclic oligosiloxanes has been previously identified to have been produced in nature [8h] . Additionally, none of these cyclic oligosiloxanes has been identified in the essential oils of any plant. All of the cyclic oligosiloxanes identified in the cactus essential oils, with the exception of 2,4,6-trimethyl-2,4,6triphenylcyclotrisiloxane, contains a siloxane (Si-O-Si) backbone with methyl units attached to the silicon atom. Each of these large, cyclic siloxanes is a liquid at room temperatures [9b]. Cyclic oligosiloxanes are by-products in the production of linear oligosiloxanes used in industrial lubricants.
Also, cyclic oligosiloxanes are commonly found in skin care products and personal hygiene products sold over-the-counter. Santa Catalina Island, from where O. littoralis was obtained, is a pristine island that has not been subject to environmental contamination or industrial pollution.
Although Organ Pipe Cactus National Monument, which is the source of the S. thurberi specimens, has been exposed to contamination from copper smelting performed in its vicinity [9c], it has not been subject to environmental contamination of cyclic oligosiloxanes. It is highly unlikely that cyclic oligosiloxanes were accumulated in the cactus plants as a result of environmental exposure.
Laboratory sources of oligosiloxane contamination (e.g., silicone oil or stopcock grease) have also been ruled out. These materials were not used during the course of plant sample preparation, the hydrodistillation, or subsequent handling of the distillates. Cyclic oligosiloxanes were not observed in other essential oils before, during, or after the GC-MS analyses of the cactus samples. There is no known biochemistry whereby a plant is able to produce cyclic oligosiloxanes. It must be considered whether cyclic oligosiloxanes from the GC-MS analysis could have bled from the GC column producing the observed chromatograms and spectra. Oligosiloxanes are known bleed from a column at high temperatures, but the concentrations that bleed off are very small and only occur during the last few minutes of the GC run (after oven temperature is above 200C) . In these experiments, the observed cyclic oligosiloxanes eluted from the GC column as early as 39 minutes after the run was begun. Finally, column bleed does not typically form discrete peaks, but is seen when the baseline rises [9d]. The discrete peaks seen in the spectra for each of the three cacti species do not match typical column bleed.
Although mineralization of within plants has been studied for two centuries [9e], little is known regarding how the plant controls this process. Silicon has been widely studied in rice, diatoms, and horsetail without identification of the regulatory mechanisms of silica deposition. Cactus species have not been investigated for their ability to deposit silicon. Silicon deposition was initially viewed a passive process whereby silicon accumulated in the cell wall of a plant over time [9e] . However, the identification of silicon transporters demonstrates that silicon deposition is an active process regulated by the plant. It is unknown if the process of silica formation bestows beneficial properties on the cacti in this study, and the formation of cyclic oligosiloxanes in cactus is unprecedented. Further research is necessary to determine how these processes occur within the Cactaceae, what effects silica bodies have on the cactus plants, and what role oligosiloxanes might play. approximately 5 mW at the sample, and were collected using an aircooled CCD, allowing a spectral range of 4000-50 cm -1 .
